ABSTRACT Life table studies of European corn borer, Ostrinia nubilalis (Hü bner), populations with and without inoculative releases of Trichogramma ostriniae (Peng & Chen) were conducted in sweet corn and Þeld corn. Inoculative releases of T. ostriniae (at 72,000 females per hectare) provided relatively high parasitism of European corn borer eggs (Ϸ37%) throughout the season. The increase in egg parasitism was not offset by compensatory changes in other mortality rates such as egg predation, eggs not hatching, and death of early instars after egg hatch. Early instar disappearance was a key mortality factor accounting for Ͼ70% of total mortality from egg deposition to established larvae. Egg parasitism by T. ostriniae was also a key mortality factor. Releases of T. ostriniae increased total egg and larval mortality of O. nubilalis from 61 to 92% in sweet corn and from 80 to 93% in Þeld corn.
O. nubilalis eggs through most stages of embryonic development (Hoffmann et al. 1995) and sustain a relatively high Þtness level after many generations of being reared on factitious hosts such as Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae) or Sitotroga cerealella (Olivier) (Lepidoptera: Pyralidae) ). Field studies of T. ostriniae demonstrated proÞcient dispersal and host-Þnding abilities in corn (Wang et al. 1997 , Wright et al. 2001 ) and a density-dependent (type II or III) functional response to high O. nubilalis egg numbers (Wang and Ferro 1998) . Using an inundative release approach in sweet corn, Wang et al. (1999) achieved Ͼ40% parasitism of European corn borer eggs with three to four releases of Ϸ34,000 T. ostriniae females per hectare. Further, Hoffmann et al. (1997) demonstrated that a single inoculative release of T. ostriniae (Ϸ70,000/ha) made at early-whorl stage could provide comparably high parasitism of O. nubilalis eggs throughout the season.
However, a high rate of parasitism does not necessarily result in effective pest suppression as has been shown with some Trichogramma species used for biological control of Heliothine pests (Jones et al. 1979 , King et al. 1985 . The additional egg mortality produced by released Trichogramma spp. may be offset by a concomitant lower mortality from other causes, such as larval competition or predation (Van Hamburg and Hassell 1984, Suh et al. 2000) .
European corn borer eggs and early instars are attacked by a number of naturally occurring predators, parasitoids, and pathogens (Mason et al. 1996) . These natural enemies along with abiotic factors contribute This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation by the USDA for its use.
to a relatively high natural mortality (60 Ð90%) of O. nubilalis eggs and early instars (Frye 1972 , Showers et al. 1978 , Ross and Ostlie 1990 . The overall impact of augmenting this natural mortality with mass releases of Trichogramma spp. is not known.
To resolve this problem, we constructed life tables for O. nubilalis populations in plots of sweet corn and Þeld corn with and without inoculative releases of T. ostriniae. Comparisons of these life tables were used to estimate both the total mortality contributed by the parasitoid and the interactions of this mortality with other sources of mortality affecting the pest. Morrison (1985) .
Materials and Methods

Field
Parasitoid releases were made into each plot when corn was in early-to midwhorl stage, Ϸ50 cm tall, which is the growth stage at which O. nubilalis adults initiate oviposition activity (Spangler and Calvin 2000) . Approximately 72,000 T. ostriniae females were released per hectare by using cardboard release containers with parasitized E. kuehniella eggs inside. Release cartons were perforated to allow T. ostriniae emergence and were fastened to cornstalks in the Þeld. One central release point per plot was used (Wright et al. 2001) .
Sampling O. nubilalis Populations. Before and after the inoculative release of T. ostriniae, 100 arbitrarily selected corn plants per plot were sampled thoroughly for O. nubilalis egg masses at 3-to 4-d intervals until corn was harvested. Each plant that harbored an egg mass was marked in the Þeld with ßagging tape and recorded on a grid map for later location. The approximate age (fresh, 1Ð2 d old, blackhead stage) and condition of each egg mass was recorded at sampling. Marked egg masses were retrieved 3Ð 4 d later by cutting around the leaf section bearing the egg mass. Egg masses were placed in gel caps (size 00) and held at room temperature in the laboratory until eclosion or emergence of adult parasitoids. Total number of eggs per mass was recorded. If the egg mass was destroyed by predators, an estimate of 17 eggs per mass was used. This was the overall mean eggs per mass estimated in our study. Eggs were examined daily for 5 d and categorized following Andow (1990) as hatched, unhatched, killed by a chewing predator, killed by a piercing-sucking predator, or parasitized. A characteristic blackening of the vitelline membranes of host eggs is manifested during Trichogramma prepupal and pupal stages (Flanders 1937) , thus "black" eggs were considered parasitized.
At harvest, a sample of 100 corn stalks per plot (10 randomly selected sets of 10 plants in a row) were assessed for O. nubilalis damage by splitting stalks and recording the number of stalk tunnels, infested ears, and corn borer larvae and pupae.
Data Analysis. Potential differences in O. nubilalis numbers and mortality levels between release and nonrelease plots were analyzed separately for sweet corn and Þeld corn using paired t-tests at the 0.05 level of signiÞcance. All proportion data, such as mortality and parasitization were normalized using an arcsine square-root transformation before analysis (Ott 1984) .
Lifetable Construction. Using the O. nubilalis population and biotic mortality data, a total of 28 life tables were constructed, representing nine plots from each of the release and nonrelease sites in sweet corn, and Þve plots from each of the release and nonrelease sites in Þeld corn. Life tables included three O. nubilalis stage intervals (x): eggs, early instars, and established larvae. The l x value for eggs referred to the sum of eggs deposited over the season. Because our sampling interval (3Ð 4 d) was approximately equal to the predicted developmental period of O. nubilalis eggs during the summer months, we summed total egg numbers across samples to estimate the l x value (Southwood 1978) . The l x value for early instars was estimated by the total number of eggs deposited minus the total number of eggs dying from all causes. The l x value for established larvae was obtained from sampling stalks in the Þeld at the end of the season. The mortality value (d x ) for "establishment failure" refers to the difference between the estimate of early instars and the number of established larvae sampled from stalks.
Key Factor Analysis. To determine the relative contribution made by the individual mortality factors to the population dynamics of O. nubilalis, mortalities were expressed as k values, the difference between the logarithms of l x before and after the action of the mortality factor (Varley and Gradwell 1960) . Total mortality (K) equaled the summation of submortalities (individual k values) as follows:
where k 1 ϭ egg predation, k 2 ϭ egg parasitism, k 3 ϭ eggs not hatching, k 4 ϭ early instar mortality. To determine which components contributed the most to variation in K, a series of linear regressions were made of individual k values plotted against K. The individual k value that gave the greatest slope, while maintaining a signiÞcant correlation coefÞcient (r) was recognized as the key factor (Podoler and Rogers 1975, Southwood 1978) . SigniÞcant r-values were determined using a signiÞcance table (Snedecor 1946) . Individual mortality factors were tested for direct density-dependence by plotting k against the log of the number entering the stage (age interval) on which it acts (Southwood 1978) .
Results
Ostrinia nubilalis Egg Populations.
At all three locations, O. nubilalis oviposition commenced around mid-July with a discernable peak occurring in early August (Figs. 1a, 2a, and 3a) . This activity pattern is typical for O. nubilalis in central New York (Eckenrode et al. 1983) . In sweet corn, signiÞcantly more (t ϭ 2.71, df ϭ 8, P Ͻ 0.02) O. nubilalis eggs were deposited throughout the season in T. ostriniae release plots (281.8 Ϯ 62.4 eggs) compared with control plots (116.7 Ϯ 28.1 eggs). Similar trends occurred in Þeld corn with 325.6 Ϯ 73.8 eggs in release plots and 169.6 Ϯ 18.0 eggs in nonrelease plots (t ϭ 2.13, df ϭ 4, P Ͻ 0.06). One explanation for the greater number of O. nubilalis eggs in the release plots is that parasitized eggs remain in the Þeld for Ϸ6 to 14 d; whereas nonparasitized eggs hatch in 3Ð5 d.
Egg Parasitism. Trichogramma ostriniae accounted for 99% of all parasitoids emerging from O. nubilalis eggs. Trichogramma minutum Riley was the only other species encountered. In the release plots at all three locations, O. nubilalis eggs were parasitized throughout the entire sampling period (Ϸ30 Ð 60 d) (Figs. 1b,  2b , and 3b). Because Wang et al. (1999) reported that adult T. ostriniae survive no Ͼ3Ð 4 d in the Þeld, these data conÞrm that the parasitoid reproduced and maintained its population in cornÞelds throughout the summer.
In sweet corn, total egg parasitism averaged 37.7 Ϯ 4.6% in the release plots, which was signiÞcantly higher than the control plots, which averaged 7.8 Ϯ 6.0% (t ϭ 3.98, df ϭ 8, P Ͻ 0.002). Similar results occurred in Þeld corn with egg parasitism averaging 34.4 Ϯ 5.6% in release plots and 4.0 Ϯ 4.0% in control plots (t ϭ 3.91, df ϭ 4, P Ͻ 0.009). Most of the egg parasitism occurring in the nonrelease plots was from T. ostriniae dispersing from nearby release plots.
Egg Predation. Egg predation occurred sporadically throughout the season at all three locations (Figs. 1c,  2c, and 3c) . Based on the diagnostic characteristics of Andow (1990) , egg predation was about equally attributable to both chewing and piercing-sucking predators. The ladybeetles Coleomegilla maculata DeGeer and Harmonia axyridis (Pallas) were the most abundant chewing predators encountered in the cornÞelds, and Orius insidiosus Say was the most abundant piercing-sucking predator encountered. Other potential egg predators occurring in the Þelds included Chrysopa spp., Coccinella septempunctata L., and syrphid larvae (undetermined species). Total egg predation averaged Ϸ5% in sweet corn and 10% in Þeld corn and was not signiÞcantly different between T. ostriniae release and nonrelease plots. Egg predation rates observed in our study were comparable to those reported by Bartholomai (1954) in Indiana (12%) and by Jarvis and Guthrie (1987) may have included, natural egg sterility, desiccation, disease, and undetected parasitism or predation. This mortality was sporadic throughout the season (Figs.  1d, 2d, 3d) , and not signiÞcantly different between T. ostriniae release and nonrelease plots.
Early-Instar Mortality. A high percentage of O. nubilalis early instars failed to establish on corn (tunnel in stalk, ear, tassel, or leaf veins) based on the difference between the total number of eggs hatching and larvae sampled from plants. Primary factors contributing to this mortality include larval dispersal (Ross and Ostlie 1990) , climate (Lee 1988) , and predation (Frye 1972) . In sweet corn, early-instar mortality averaged 81.3 Ϯ 3.5% in release plots and was lower (51.9 Ϯ 10.1%) in nonrelease plots (t ϭ 2.64, df ϭ 8, P Ͻ 0.01). In Þeld corn, early-instar mortality averaged 83.8 Ϯ 3.8% in release plots and was similar in control plots (75.1 Ϯ 5.7%).
Lifetables. The fate of O. nubilalis egg populations in corn plots with and without T. ostriniae releases is summarized in composite lifetables, representing a mean of nine plots for sweet corn (Table 1 ) and a mean of Þve plots for Þeld corn (Table 2 ). Inoculative releases of T. ostriniae increased O. nubilalis egg mortality from 18 to 56% in sweet corn and from 21 to 57% in Þeld corn. Total mortality of O. nubilalis from egg deposition to established larvae increased from 61 to 92% in sweet corn and from 80 to 93% in Þeld corn with T. ostriniae releases.
Death of early instars after egg hatch was a major mortality factor accounting for Ͼ70% of total mortality in all plots. For sweet corn and Þeld corn, egg parasitism (k 2 ) and early-instar mortality (k 4 ) were key factors contributing to variations in total mortality of O. nubilalis (K). Each of these mortality factors (k 2 and k 4 ) regressed against K gave slopes closest to unity (b ϭ 1), with signiÞcant r-values (Table 3) .
Tests for density dependence of the mortality factors revealed a signiÞcant positive relationship between k 2 and log egg density in both sweet corn and Þeld corn (Fig. 4) . Wang and Ferro (1998) also found a signiÞcant density-dependent relationship between T. ostriniae parasitism and O. nubilalis egg density. Density-dependence tests also revealed a signiÞcant positive relationship between k 4 and log density of O. nubilalis eggs hatching (Fig. 5) . This relationship is probably the result of early-instar dispersal to prevent overcrowding of larvae on individual stalks (Van Hamburg 1980, Van Hamburg and Hassell 1984) .
Discussion
Inoculative releases of T. ostriniae (at 72,000 females per hectare) provided relatively high parasitism of European corn borer eggs (Ϸ37%) throughout the season (July to September) in sweet corn and Þeld corn. In the absence of augmentative measures, natural mortality of O. nubilalis from egg to established larvae averaged 61% in sweet corn and 80% in Þeld corn in our study. These values are comparable to other studies of O. nubilalis ecology (Frye 1972 , Lee 1988 , Ross and Ostlie 1990 . Inoculative releases of T. ostriniae increased total O. nubilalis mortality to 92% in sweet corn and 93% in Þeld corn. The indispensable mortality value (Southwood 1978) of T. ostriniae to O. nubilalis population dynamics was therefore Ϸ13Ð 32%. Or, in other words, the surviving population of corn borers were reduced three-to Þve-fold by the addition of the parasitoid. Bellows et al. (1992) suggest that this value is important for assessing the true contribution of an organism in a biological control program.
We conclude that inoculative releases of T. ostriniae contribute substantially to reducing O. nubilalis larval numbers in sweet corn and Þeld corn. The impact of T. ostriniae inoculative releases on damage and yield of corn was also shown to be signiÞcant (Wright et al. 2002) . They showed a 50% reduction in ear damage in T. ostriniae release Þelds compared with control Þelds. Thus, the efÞcacy and potential beneÞts of augmentative releases of T. ostriniae for control of O. nubilalis appears promising. Commercialization of this parasitoid species in the United States is expected in 2002, making it available for wide scale use as a biological control agent for O. nubilalis in sweet corn and Þeld corn. Potential use on other crops such as peppers and potatoes is being investigated. Snedecor (1946) . 
